A mobile robot employed for data collection is faced with the problem of travelling from an initial location to a final location while maintaining as close a distance as possible to all the sensors at a given time in the journey. Here we employ optimal control ideas in forming the necessary control commands for such a robot resultinig not only the necessary acceleration commands for the underlying robot, but also the resulting trajectory. This approach can also be easily extended for the case of producing the optimal trajectory for an ariel vehicle usedfor data collection from indiscriminatelv scattered ad-hoc sensors located on the ground. We demonstrate the implementation of our algorithm using a Pioneer 3-AT robot.
INTRODUCTION
In a randomly distributed sensor network, the limited power that the sensory nodes possess to collect data, transmit/upload data to a mobile robot, raises the importance of implementing various power saving strategies when designing network architectures. The sensors distributed in the network are smart dust type miniature sensors expected to last for a longer duration of time. Therefore we need to plan the path of the mobile agent used to travel to collect data so that the power used for transmission by all the sensors are optimized. This also raises the power conservation mechanism of the mobile robot. In this work we assume that during the entire time interval, all the sensors in the network are within the communication range and the number of sensors are distributed in known locations. The localization of sensory devices have been addressed in [1] .
We will give a higher weight to a node with more information enabling the mobile robot a relatively higher engagement with such nodes.
To date we have seen a large increase in sensor network research and development which has been fuelled by both technological advances in this emerging technology and the emerging applications [2] , [3] , [4] . In particular, one application of using mobile robots coupled with sensor networks to complete a wide range of tasks has been a growing area in the sensor network field. A sensor network consists of a number of nodes located in static positions within an environment and are frequently characterized by extremely limited end-node power, memory and CPU capability. In addition, they are envisioned to exist at a tremendous scale, with possibly thousands of nodes per network. Such devices can be deployed in large numbers and can form sensor networks to coordinate in performing higherlevel tasks, enabling them to measure aspects of the physical environment in unprecedented detail. Applications of sensor networks span many potential areas such as environmental monitoring, condition-based maintenance, military applications, bushfire alerts using arbitrarily spread smart sensors, data collection in hazardous environments, hospitals and security surveillance applications [5] , [6] .
In this paper we present a solution to the optimal path planning problem that answers the question: Given Applications of data collection using mobile-robots already exist in practice [7] ,[8], [9] . One such application is in [7] .
It proposes a form of data collection using a potential field theory to navigate an environment for data collection. The robot is attracted to the sensors in its path by its attractive potential function, which changes its properties depending on the amount of data stored in the senor. This type of path planning allows the robot to choose the path depending on the amount of sensor data, and therefore the more attractive it is. Another project is [9] , which uses a team of robots and a sensor network to augment fire fighters in emergency situations. This paper proposes a scenario of a number of robotic agents to infiltrate and navigate a hazardous environment by the use of a deployed sensor network. However, in the case the majority of the sensors are unknown to the robot and therefore path planning preformed by locating existing sensors in the provided map of the environment. Another project is the Sami Network [8] . Sami people are reindeer herders in Sweden who keep relocating their base. The relocation is controlled by a yearly cycle which depends on the natural behavior of reindeer. The Sami communities don't have wired or wireless communication infrastructure. Not unexpectedly, the majority of sensor network problems that involved mobile robots are being motivated by the security areas as well as search and rescue regions of research. USAR provides a good representation of this in their use of networks to perform urban search and rescue and in particular tracking and mapping in real environments.
MOBILE-ROBOT/SENSOR DYNAMIC MODEL
We use the term mobile robot for an autonomous platform fitted with a wireless base-station. The sensors to be located are 0-7803-9399-6/05/$20.00 (© 2005 IEEE randomly distributed in an interested environment. The location of these sensors are known from our previous work. as [10] x(t) = Ax(t) + Blu(t) + B2w ( . di(t) represents the distance between the mobile and base station(mobile -robot) and the Sensori, which can be further expressed in terms of the position of the ith sensor with respect to the location mobile-robot i.e., (xi (t), Yi (t)) di(t)= (X,(t)2 + y (t)2)1/2 ( 
2.3)
We notice, for x --0 log x2 -0 as well as x2 -0. Therefore we can use the quadratic criteria for the minimization of the power dissipation in formulating an optimal path for the mobile robot.
OPTIMAL CONTROL APPROACH
In this section, we suppose that the plant is described by the following linear differential equation
where x(t) E RT is the state, u(t) E Rm is the control input. We assume that the initial condition of the system is given, x(0) = x0 (3.2) where xo E R' is a given vector.
With this system let us associate the performance index
Here XT > 0 is a given matrix, hT, h E R' is a given vector, with XT > 0, Q > 0, and R > 0 are all given symmetric matrices.
The linear quadratic optimal control problem can be formulated as follows:
To find the minimum of the functional (3. 
(3.4) Introduce the following Riccati differential equation -S(t) = A'S(t) + S(t)A -S(t)BjR-1B'S(t) + Q, S(T) = XT.
(3.5) Furthermore, introduce the following equations -0(t) = (A-BBR-1B1S(t))'0(t) + Qh, 0(T) = XThT, (3.6) Uop~t(t) = -R-1B'S(t)xOpt(t) + R-1B 0(t), (3.7) -h'Qh -10(t)'BiR-1Bl0(t), g(T)= 2h'XTh. ) where g(.) is defined by (3.8 Much of the emphasis in this area has been in designing localization systems that allow mobile devices to compute their own location, allowing the system to be scalable and responsive. However, requirements for localization for these systems are different from the application scenarios that we have discussed.
For this application we used one mobile-robot, the Pioneer P3-AT figure 5.1. The P3-AT is constructed from a 50cm x 49cm x 26cm aluminum body, which is suited for outdoor and rough hazardous terrain. Having an embedded computer onboard, allows the robot to perform large and complex calculations as well as other vital features for autonomous behavior.
Also incorporating onboard vision processing, adhoc wireless Ethernet-based communications, which allows robot to robot communication, as well as DGPS (Differential Global Positioning Systems), and other autonomous functions it provides a perfect platform to perform autonomous robotic functions.
The four motors (one on each wheel) use 66:1 gear ratios and contain I 00-tick encoders. The skid-steer arrangement with 21.5cm diameter wheels is specifically designed for outdoor use in rough terrains. The skid-steer system allows rotation in one place by moving both wheels. This allows direct turning on a single spot and is ideal for a highly versatile all-terrain robotic platform. Having the ability to climb at a 45% grade and sills of 9cm allows it to traverse any outdoor environment with ease. On smooth terrain, the P3-AT can move at speeds of 0.7 msj I and carry payloads up to 30 kg at slower speeds. The P3-AT base can run 3-6 hours on three fully charged batteries. This allows outdoor use experimentation to be lengthy.
B. Robotic Software model
In the robot control model was written in python and controls the localization and control of the robot. Due to the flexible ability of the system, the robot must have quite sophisticated control software. The onboard robotic control software is simple yet effective. Using an uncomplicated vertical structure (figure 5.2), this control system is comprised of subsystems that collectively address the needs of the system. This control architecture is divided into three main layers which act as coherent modules for the platform; this allows the system to function in an optimal manner by only passing simple information from layer to layer. For the control model to work efficiently, it has been divided into three main computing areas which deal with specific aspects of the robot control.
1) The Sensing layer: This layer only deals with two areas of sensor fusion; firstly the aspects of obtaining the data from the network via sensor network interface hardware, and the robot localization sensors, in this case duel sonar arrays which allows the robot to navigate its environment and avoiding obstacles.
2) The Planning layer: The main operational feature the platform is located in this layer. This layer calculates the path by the means discussed in this paper. It also interfaces with the motion interface which controls all the movements of the platform whilst obtaining feedback from the motion layer.
3) The motion layer: This is the simplest layer of the platform; it controls the lower level motions of the mobilerobot. Using dead reckoning it feeds back to the planning layer which allows the mobile-robot to made decisions in regard to its POSE.
We use a 5 x 5 area and place sensors in the locations in table 5.1 for both simulation and physical implementations.
CONCLUSIONS
In this paper we presented an implementation of a mobile robot path planning algorithm to effective data collection from a collection of sensors in a given time. For demonstration purposes, we used a four sensors in an interested area ( figure 5.3 ) and allowed the robot to navigate in this area while communicating with all the sensors at a given time in its travel. In the physical implementation, the Pioneer robot achieves a very close(figure 5.4) path to the optimal path presented by the path planning algorithm. In the robotic implementation as the robot cannot precisely achieve the exact control inputs determined by the path planning algorithm, the expected and acceptable errors are present in comparison to the ideal trajectory generated by the path planning algorithm. 
